Superparamagnetic nanocomposites were obtained by dispersion of oleic acidcoated magnetic ultrafine iron oxide nanoparticles (NPs) in poly(hydroxybutyrate) (PHB), a semicrystalline, biodegradable and biocompatible polymer. Film nanocomposites displayed an optically homogeneous structure formed by sub-micrometric clusters created by a strong NPs segregation that occurred during solvent evaporation and polymer crystallization.
INTRODUCTION
The design of polymer nanocomposites with predictable properties is a challenge that requires an efficient way to control the dispersion level of the nanoparticles (NPs) in the host matrix and a deep understanding concerning how these structures affect the final properties of the materials [1] [2] [3] [4] [5] . While it is well accepted that NPs dispersion strongly affects nanocomposites properties, it is not clear that a single state of dispersion or arrangement should optimize any given or all macroscale properties [5] . Sometimes, even 4 of solvent, etc.) [12] [13] . This idea was first reported by Kahn et al., which studied the effect of crystallization on the dispersion of small PMMA coated silica NPs (15 nm) in PEO and found a behaviour that resembles that of molecular systems, in which the host "push" impurities out of the way of the crystal to maintain the crystallization process minimally perturbed [14] . They compared crystallization of nanocomposites formed by small NPs with crystallization behavior of polymer blends with a crystallizable and an amorphous component in which, for slow enough crystallization rates, the amorphous polymer can be completely expelled from the spherulites. This is not the common result found in the case of polymer nanocomposites synthesized with platelet fillers or large micrometer sized particles, too large to be easily maneuvered by the growing lamellae.
From the opposite point of view, the presence of NPs can affect crystallinity, lamellar thickness, spherulitic size and even crystalline structure of polymers, which are expected to have an important impact on mechanical and barrier properties and on chemical resistance of final materials [15] [16] . In this regard, different and controversial effects have been reported. Larger crystallinity degrees have been produced thanks to an enhanced crystallization ability of the matrix in the presence of nanofillers, which behave as nucleating agents. Mitchell and Krishnamoorti [17] reported that for the carbon nanotubes/poly(ε-caprolactone) composite systems the nucleation activity was approximately 0.56, thus it can deduced that the nanotubes incorporation acts as a source of heterogeneous nucleation sites. On the other hand, a decrease of the percentage of crystallinity with the increase in NPs content has been produced as a consequence of partial inhibition on polymer crystal formations [14, [18] [19] [20] . To further complicate this picture, recent reports have shown that moderate loadings of small NPs could have a negligible effect on crystallinity and melting temperature of highly crystalline polymers [22, 23] .
Therefore, under this complex scenario, the analysis of the inter-relationship between processing, morphology and properties of nanocomposites based on semicrystalline polymers is of fundamental interest for scientists and technologists and it requires a deep research.
Modification of biocompatible polymers with inorganic nanostructures opens interesting possibilities for the development of new materials [24] [25] [26] . For example, the modification of highly semicrystalline biodegradable polymers, like Poly(3-hydroxybutyrate) (PHB), poly(L-lactic acid) (PLLA) and poly(ethylene oxide) (PEO) with functional nanostructures, opens a broad range of potential applications in the biomedical field [24] .
In particular, PHB is a biodegradable polyester, synthesized and intracellularly stored by several microorganisms in the form of granules, with properties that make it suitable for many applications in which petroleum-based synthetic polymers are currently used [27] . PHB can be produced from renewable sources through fermentation processes under restricted growth conditions [28] . It is a thermoplastic polymer with a high degree of crystallinity and with physical and mechanical properties close to those of isotactic polypropylene [28] .
In this work, we evaluate the possibility of obtaining magnetic nanocomposites with reproducible and predictable properties, starting from PHB and ultrafine iron oxide NPs coated with oleic acid, one of the most common organic coatings used in the synthesis of iron oxide NPs [29] . We focus the investigation on the mechanisms that control dispersion of ultrafine NPs in highly crystalline nanocomposites as well as on the influence that their arrangement has on magnetic, thermal and mechanical properties. To this aim some of the results of PHB/iron oxide NPs are compared with those of a similar system (PEO/iron oxide NPs).
EXPERIMENTAL

Materials
Poly ( 
Nanocomposite films preparation
Films of neat polymers and nanocomposites were obtained by a solvent casting process. Selected amounts of a chloroform (for PHB) or dichloromethane (for PEO) dispersion of NPs containing 25 mg of γ-Fe 2 O 3 @OA per ml were mixed with a solution of 1 g of the polymer in 15 ml of the respective solvent. For PHB systems, homogeneous solutions were prepared by stirring at 450 rpm while heating at 60°C, for 15 minutes. Then, the solution was placed on a 15 cm diameter glass Petri dishes and it was allowed to evaporate at room temperature. All films were stored in a desiccator at room temperature for 30 days to allow complete crystallization of PHB [32] . In the case of PEO systems, a similar procedure was followed without the heating step.
Characterization methods
Transmission electron microscopy (TEM) images were obtained using a Philips with λ being the wavelength of the X-rays, B the width of the peaks (in radians) at the half of the maximum intensity and θ B the angle (in radians) at which the intensity is a maximum.
Thermogravimetric analysis (Shimadzu TGA-50) was carried out on 5mg samples at a heating rate of 10ºC/min under air flow, up to 900ºC. TGA thermograms were used to determine the amount of NPs in the nanocomposites and the fraction of oleic acid coating the NPs.
Differential Scanning Calorimetric (DSC) measurements were carried out in a Shimadzu DSC-50 from room temperature to 200ºC at 10ºC/min, under N 2 atmosphere.
The melting temperature (T m ), melting enthalpy (Δ H m ) and glass transition temperature (Tg)
were recorded in the first scan. The polymer crystallinity degree (X c ) was calculated as:
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where Δ H m is the experimental melting enthalpy, Δ H 0 is the theoretical enthalpy of 100% crystalline polymer (146 J/g for PHB [33] and 197 J/g for PEO [33] ), m c is the nanocomposite mass and m p is the polymer mass in the nanocomposite.
Magnetic properties of nanocomposite films were measured between 5K and 300K in a Quantum Design PPMS. Experiments were done under zero field cooling (ZFC) and field cooling (FC) conditions at H =100Oe.
Uniaxial tensile experiments were carried out at room temperature in an INSTRON 4467 universal testing machine. Dumb-bell shaped specimens were tested at a crosshead speed of 1mm/min. Stress (σ b ) and strain (ε b ) at break were calculated from the nominal stress-strain curves. Properties were averaged from at least 5 tests.
Depth sensing indentation tests were carried out at room temperature in a
Triboindenter Hysitron equipped with a Scanning Probe Microscope module (SPM). Tests were performed under load control conditions using a diamond Berkovich tip. The loading/unloading rate, maximum load (P max ) and holding time were respectively 0.3mN/s, 3mN and 15s. The holding period at maximum load was applied to minimize creep effect on unloading curve [35] [36] . At least 50 indentations were made in different locations of each sample to reduce the scattering arisen from surface roughness [37] . Analysis for the tip area calibration and calculation of contact stiffness (S), reduced elastic modulus (E r ) and indentation hardness (H) were conducted using the approach outlined by Oliver and Pharr [38] [39] . The maximum load to contact stiffness squared parameter (P/S 2 ), which is a measure of the material resistance to permanent deformation, was also evaluated [40] [41] .
RESULTS AND DISCUSSIONS
Nanocomposites Dispersion
TEM micrographs of the synthesized NPs, with 3.5±0.6 nm and 9.5±2.6 nm of average diameter, are shown in Figure 1 . As can be seen, oleic acid coating avoids direct contact between iron oxide cores stabilizing them against aggregation and makes them highly dispersible in organic solvents like chloroform, THF, hexane, etc.
PHB film Nanocomposites were obtained by a slow evaporation casting process (Table 1 ). This non-intuitive result could be explained in terms of changes in NPs concentration and viscosity of the medium during formation of films. It has been recently proposed that in nanocomposites obtained with very small NPs (like those used in this work), crystallization dominates organization of NPs, pushing them out of the way so as to result in a minimally perturbed crystallization process [23] .
In this framework it seems reasonable that final distribution of particles will depend on variables like initial NPs concentration and viscosity of the medium, both affecting probability of particle-particle encountering. At low concentrations, viscosity of the medium is not very high so NPs can be easily handled by the growing lamellae and Modification of PHB with larger NPs (9.5 nm) hardly changed the morphology of nanocomposites as shown in Figure 5 . Clusters with similar sizes and morphologies could be observed in TEM images. This indicates that, at least for moderate loadings, size of NPs has a negligible effect on clusters formation mechanism.
Properties of Nanocomposites
Thermal behaviour of neat films and nanocomposites was analysed by DSC. The calculated percentage of crystallinity (X c ) and the melting temperature at the peak for each material are summarized in Table 2 
Magnetic Properties
As described above, modification of semicrystalline polymers with superparamagnetic NPs has importance in the development of functional materials with interesting applications in magnetic guiding, bioseparation, drug delivery, etc. Furthermore, analysis of magnetic properties is useful as a characterization tool of the dispersion level of magnetic nanocomposites.
For single domain NPs, the anisotropy energy barrier, E B , for magnetization relaxation is proportional to the volume. To overcome E B , a single-domain particle is assisted by thermal phonons. Therefore, below a certain size, thermal energy can overcome E B and make the whole magnetic moment of the particle to fluctuate above a characteristic temperature, T B , called blocking temperature. Below T B the free movement of the moment of the particle is blocked by the anisotropy; above T B , thermal energy induces rapid fluctuations of the magnetic moment of the whole particle compared to the observation time so that the system appears superparamagnetic. E B is related to an effective anisotropy constant, K eff , through E B = Keff .V (where V is the volume of the particle). Magnetic interactions modify the energy barrier and, in the limit of strong interactions, their effects become dominant becoming the total energy of the assembly the only relevant magnitude [45] .
Magnetic properties of PHB films were measured for variable concentrations of
NPs. Experiments were done under zero field cooling (ZFC) and field cooling (FC)
conditions at H = 100 Oe ( Figure 6 ). A maximum in the curve of ZFC associated to the blocking temperature, T B , separates the blocked from the Superparamagnetic state. (Figure   6 ). Magnetization in FC conditions increased with decreasing temperature for both curves, ZFC and FC, splitting from slightly above T B . This behaviour is characteristic of weakly interacting systems of superparamagnetic NPs. As observed, for higher loadings of NPs the peak broadens, T B shifts to higher temperatures and low temperature saturation becomes evident in the FC curves, in agreement with a progressive decrease in the NPs distance and an increase in the magnetic dipolar interactions [46] .
PHB based nanocomposites showed a magnetic behaviour similar to that reported for PEO nanocomposites prepared with an identical batch of NPs [42] (Figure 7 ). This could be understood considering the high similarity in the morphology of the NPs distribution (as discussed in the previous section). This behaviour was, nevertheless, very different from that observed for ideally dispersed systems [47] [48] . Finally, T B and peak broadening were observed in samples prepared with bigger NPs, which can be easily explained by the increase in anisotropy and strength of dipolar interactions expected for higher NPs volumes (Figure 8 ).
Mechanical Behaviour
Mechanical behaviour of the prepared nanocomposites films was investigated by performing uniaxial tensile and depth sensing indentation experiments. Typical mechanical responses are shown in Figure 9a while a selection of mechanical parameters is listed in Table 3 .
Under uniaxial tensile conditions PHB films behaved in a brittle manner exhibiting catastrophic failure at relative low deformation levels (typically less than 1%) (Figure 9a ).
The incorporation of γ-Fe 2 O 3 @OA unaltered the inherent brittle nature of the matrix behaviour. The addition of 3wt% of γ-Fe 2 O 3 @OA-3.5 promoted a reduction in the elastic modulus and slight increase in the strain at break. Further NPs incorporation, at least in the studied concentration range, had little effect on nanocomposites stiffness but reduced the maximum deformation capability. Given that PHB crystallinity was practically unchanged by the presence of NPs, the reduction in elastic stiffness can be explained by the structure of the NPs (or aggregates). A hard Fe 2 O 3 core is coated with a soft oleic acid shell, so that aggregates were mechanically seen by the matrix as soft modifier particles. However, a decreasing trend in elastic modulus with increasing NPs concentration was not observed, probably due to the complex distribution of NPs.
Unlike under uniaxial tension, all materials were able to develop plastic deformation under indentation load because the stress field beneath the indenter is mainly compressive, so that failure mechanisms, such as crazing, that promotes brittle fracture are suppressed.
This was reflected in the loading/unloading curve hysteresis (Fig 9b) , which is indicative of irreversible deformation. The incorporation of NPs slightly changed the indentation response of the PHB matrix.
As discussed above, the presence of NPs decreased the stiffness of the films. The reduced indentation modulus, E r , decreased with increasing NPs content. As well, indentation hardness, H, which is directly proportional to yield stress, [49] showed a slight decreasing trend with NPs content. The elastic stiffness, S, decreased in a larger extent than yield stress so that the P/S 2 parameter increased, indicating that the nanocomposites turned out to be more resistant to permanent deformation than PHB.
In summary, our results indicate that the addition of well dispersed γ-Fe 2 O 3 @OA-3.5
slightly improved the mechanical behavior of PHB. The enhanced resistance to permanent damage may be linked to the interaction of core-shell NPs with growing crazes in the amorphous regions as described by Lee et al. [50] . They suggest that even NPs do not prevent craze fibrils formation, a new damage microstructure containing NPs clusters entrapped within the mature crazes is formed by local alignment and repulsion of the particles. ACKNOWLEDGMENT 51-Graphical abstract 
CONCLUSIONS
